The European honey bee (Apis mellifera) is important both for pollination and for honey production. Pollen is the major protein source for bees, which exposes them directly to changes in pollen quality e.g. through genetic engineering. In order to create a worst case scenario regarding pea lectin (PSL) expressed transgenically in oilseed rape anthers and pollen, the maximum amount of dried pollen that could be mixed in an artificial diet without negatively affecting larval performance (1.5% w/w) was fed to bee larvae. Pollen from two transgenic plant lines expressing PSL up to 1.2% of total soluble protein and pollen from one non-transgenic line was added to the same diet and used as a pollen control. When these three pollen diets and the control diet (without added pollen) were compared, no negative effect from the pollen of the transgenic plants could be detected on larval mortality, weight, or development time. An increased weight and a reduced developmental time were recorded for larvae on all diets containing pollen when compared to the diet without pollen.
INTRODUCTION
Part of the risk assessment of transgenic crops is the evaluation of possible negative effects on non-target organisms. The organisms selected for testing will depend on factors such as abundance in the field, ease of handling in the laboratory, taxonomic certainty, value to the agroecosystem, and endangered status (O'Callaghan et al., 2005) . The European honey bee (Apis mellifera (L.)) is one of the most important pollinators in agriculture. Many crops are more or less dependent on insect pollination (Klein et al., 2007) , and with declining wild bee populations, growers will depend even more on pollination services from honey bees. Thus, the honey bee is considered a key species for risk assessments of transgenic crop varieties before their introduction in the field.
Pollen is the main protein source for bees (Crailsheim, 1990; Crailsheim et al., 1992) , and it also provides lipids, vitamins, minerals, starch, and some sugars (Winston, 1987) . Nectar contains relatively low levels of protein (Baker and Baker, 1986) , and therefore it is mainly through pollen that honey bees might come into contact with transgenic products, if the transgene is expressed in the pollen. In the plant material used in the present study, the expression of the foreign protein (pea lectin) was restricted to the pollen (Melander et al., * Corresponding author: anna.lehrman@entom.slu.se 2003) , in order to target the pollen beetle (Meligethes aeneus (L.)), which also uses the pollen as a protein source.
The pollen beetle is a severe pest in oilseed rape crops where it may cause up to 70% yield loss (Nilsson, 1987) . The beetle lays its eggs in the buds, but more severely, it damages buds while feeding, leaving pod-less stalks. The common control solution in northern Europe has been to spray with pyrethroids. However, problems with insecticide-resistant pollen beetles have occurred in several countries (Derron et al., 2004; Ekbom and Kuusk, 2001; Hansen, 2003) , and as a consequence, insecticides that have been prohibited are now allowed again in some areas (Andersson et al., 2006) .
Lectins, or agglutinins, are proteins that bind reversibly to specific carbohydrates, which in plants are suggested to function both as storage proteins and defence against herbivores and pathogens (Gatehouse and Gatehouse, 1996; Murdock and Shade, 2002; Peumans and Van Damme, 1995) . The effect of different lectins is highly specific for each lectin and insect combination even within the same insect order (Sétamou et al., 2002) , and the mechanisms of action determining the level of toxicity also seem to vary (Harper et al., 1995; Murdock and Shade, 2002) . In insects, lectins can disturb nutrition uptake (Eisemann et al., 1994) , disrupt the midgut peritrophic membrane (Harper et al., 1998) and epithelial barrier (Powell et al., 1998) , leading to A. Lehrman negative impact on insect performance. In a screening for potential resistance factors against the pollen beetle, pea (Pisum sativum) lectin (PSL) was selected, and the corresponding gene was transformed into oilseed rape (Brassica napus) (Åhman and Melander, 2003; Melander et al., 2003) . Feeding on anthers from this plant material reduced pollen beetle larval weight (Melander et al., 2003) but had no effect on adult beetles (Lehrman et al., 2007) . PSL has also been shown to reduce the survival rates of other insects, for example the American bollworm (Helicoverpa armigera) (Gupta et al., 2005) and the alfalfa weevil (Hypera postica) (Elden, 2000) .
Large quantities of pollen are collected by adults bees to provide the larvae with food, but also for their own consumption (Crailsheim et al., 1992; Haydak, 1963) . The young honey bee larvae (up to 3.5 days old) are fed with royal jelly produced in the hypopharyngeal glands of nursing bees (Crailsheim, 1990) and is almost completely without pollen (Planta, 1988 in: Haydak, 1943 . During subsequent development the composition of the food is altered depending on the caste. For workers or drones the diet contains more pollen and honey but less royal jelly than if a queen is being raised (Winston, 1987) . Proteins that are present in the hypopharyngeal glands might be transferred to the larvae through the royal jelly provided by the nursing bees (Brødsgaard et al., 2003) , but so far there is no evidence that ingested proteins accumulate and can be transferred intact via the hypopharyngeal glands (Malone et al., 2004) . Many lectins, however, are stable proteins; insensitive to pH, high temperatures, and resistant to animal proteases (Peumans and Van Damme, 1995) . Snowdrop lectin (GNA) has been detected in the ovarioles, fat bodies, and haemolymph of the Rice brown planthoppers (Nilaparvata lugens) when fed a diet containing GNA (Powell et al., 1998) . This may be important when considering the risk of bee larvae receiving transgenic lectin through the brood food.
Several studies present the effects of transgenic insect resistance products on honey bees, e.g. proteinase inhibitors (PIs) (Brødsgaard et al., 2003; Burgess et al., 1996; Sagili et al., 2005) , Bacillus thuringiensis (Bt) toxins (Arpaia, 1996; Malone et al., 2004) and biotinbinding proteins (Malone et al., 2002) . Some have been conducted using transgenic plant material on adults (Babendreier et al., 2005; Liu et al., 2005) , but few have considered the effects of transgenic plants on honey bee larval stages (Hanley et al., 2003) . Larvae, undergoing growth, might be more sensitive to changes in food composition than adults. The protective perithrophic membrane within the midgut starts to develop almost immediately after hatching of the larvae. However, it does not reach full thickness and cover until day three (Davidson, 1970) , which might render the young larvae more vulnerable to toxins in their food. So far, the only published studies considering the effects of lectin on honey bees have been conducted using adult bees. No negative effects were found when the bees foraged on leek (Allium porrum (L.)) (Peumans et al., 1997) where the Allium lectin occurs naturally in the nectar, neither was any increased mortality recorded when adult bees were feed a diet containing wheat germ agglutinin (WGA) (Belzunces et al., 1994) .
The present study is part of a risk/benefit analysis, concerning the effects of oilseed rape engineered for resistance against the pollen beetle. Here the impact of pea lectin on honey bee larval survival, development, and weight is investigated. Under natural conditions honey bee larvae do not receive pollen in their food during the first days after egg hatch. I have, however, chosen to feed pollen to young larvae because I wished to create a worstcase scenario in order to test the potential hazard that transgenic oilseed rape expressing PSL in the anthers and pollen could pose to honey bee larvae.
RESULTS

Pollen analyses
The sieved fresh pollen samples contained on average 11 162 (± 506, n = 3) pollen grains.mg −1 and lost 62% (± 0.8) of their weight when dried. Therefore a diet of 1.5% dry pollen corresponds to 4% (± 0.15) of fresh pollen in the larval food (w/w).
The protein content ranged from 6.7 to 8.6% (w/w) (Tab. 1), with the highest protein concentration in C-112. Two bands corresponding to a molecular size of 17 kD and 26 kD could be observed in the transgenic pollen ( Fig. 1) , whereas no such bands could be seen in the control line. The larger band corresponds to pro-lectin, the uncleaved PSL. This protein has the same sugar binding activity as the cleaved protein (Prasthofer et al., 1989) . Thus, the sum of the two bands was used when calculating the amount of PSL. The percentage PSL of total soluble protein was slightly higher in T-17 but the lower concentration of total protein in this line resulted in similar quantities of PSL in the diets based on the two transgenic plant lines T-17 and T-132 (Tab. 1).
Feeding assay 1; pollen concentration
There was a significant difference in the mean numbers of surviving larvae on day 5 among those fed with pollen at different concentrations (F 4,14 = 9.42, p = 0.002). Least squares means for effect of pollen concentration showed no significant difference between 0 and 1% pollen (w/w) but the difference between 0 and 2% was significant (p < 0.05, at day 5) (Fig. 2) . Based on these results, a level Pea lectin transgenic pollen and honey bee larvae of 1.5% pollen was chosen for the lectin experiments, which equals an average of 172 pollen grains.mg −1 food in this experiment.
Feeding assay 2; transgenic pollen
Repeated measures analysis showed a significant difference in the proportion of survivors among diets (F 3,216 = 17.11, p < 0.0001, Fig. 3a) . The control diet without pollen and the diet with T-132 pollen had a significantly higher number of survivors compared to those fed on the diets with T-17 and C-112 pollen at day six (Fig. 3a) . The same pattern was seen at the LS-stage (larvae becomes passive and starts to excrete faeces (Rembold et al., 1980) ) (Fig. 3b) , but no significant differences were found among diets in the pupal stage (F 4,39 = 0.17, p = 0.92).
Larval weight
There were significant differences in larval weight among the bees fed the four diets ( 0.0001). The larvae on the control diet had significantly lower weights compared to all of those fed with pollen diets (Fig. 4) . To ascertain if there were any differences among the three different pollen-containing diets a new test was performed excluding the control diet, but no significant difference in larval weight among the three pollen diets was found (χ 2 = 0.30, d.f. = 2, p = 0.86).
Developmental time
There was a significant difference among diets in developmental time until the LS-stage when considering all treatments together (χ 2 = 46.20, d.f. = 3, p < 0001), but no differences among the three pollen diets in this respect (χ 2 = 4.48, d.f. = 2, p = 0.11) (Fig. 5) . The pattern was the same for development time from LS to the pupal stage; significant differences among treatments when considering all tests (χ 2 = 31.75, d.f. = 3, p < 0001), but no difference among the three different pollen diets (χ 2 = 2.30, d.f. = 2, p = 0.32).
A significant negative correlation between weight at the LS stage and development time to that same stage was found (r s = -0.52, n = 280, p < 0.0001). However, the correlation coefficient was lower for larval weight and 
DISCUSSION
This novel study on the influence of pea lectin on honey bee larvae found no effect on survival to pupation when larvae were fed a diet containing 1.5% dried oilseed rape pollen, expressing the foreign protein up to 1.2% (of total soluble protein in the pollen) which is 0.0012% pea lectin in the diet (w/w). The only differences in survival between diets were found during the larval and LSstages. The differences detected were not, however, between transgenic and non-transgenic diets. No differences among diets were discernable when the bees pupated. Larval weight was lower and development time was longer for larvae not receiving pollen in the diet. There was, however, no difference in weight or development time between diets with transgenic and non-transgenic pollen. This suggests that the transgene product pea lectin does not pose a hazard to honey bee larvae when presented in a worst-case scenario, where exposure levels were high and the larvae likely to be at a vulnerable early stage of development. The dose of 1.5% pollen (equivalent to 4% in fresh pollen) was chosen to make sure that larvae were fed as much pollen as possible, and therefore also as much PSL that possibly could be received through the pollen in the food, in order to create a worst case scenario. The amount of pollen that could be mixed into the food without negative impact on larval development was lower in this study than the levels previously recorded for pollen from samples of mixed plant species found in samples of brood food taken from larval cells in outdoor hives (Malone et al., 2002) . However, a previous test with fresh oilseed rape pollen found lethal pollen concentrations at 5% (H. Brødsgaard, pers. comm.), similar to the critical level found here, which was 4% when recalculating dry weight to fresh weight. The concentration of PSL was somewhat higher in T-17, but the total protein 274 Environ. Biosafety Res. 6, 4 (2007) Pea lectin transgenic pollen and honey bee larvae concentration was somewhat lower in this line compared to line T-132, resulting in the same PSL concentration in the transgenic diets.
There was a positive effect of pollen in general, as larval weights increased and larval development became faster on all pollen-containing diets. The positive effects of pollen were probably a result of the additional protein the larvae received through the pollen (Roulston and Cane, 2002) . Pollen is hard to digest due to the indigestible cell wall and in both larvae and adults the grains are digested in the midgut where the pollen content is extracted through pollen germination pores or by rupture of the cell wall by osmotic shock (Winston, 1987) . There was no doubt that the larvae ate the pollen along with the royal jelly and sugar solution, because the accumulation of pollen material in the ventriculus could be seen by the naked eye in larvae fed the pollen-containing diets. Also, the faeces of those larvae had a darker yellow color. In the present study, the total soluble protein content was 7.6% for the dry pollen, which corresponds to 2.9% protein in fresh pollen. Protein content in freshly frozen anthers of the tested plant material was 6.4%, which corresponds to 16.7% protein (w/w) when dried (Lehrman, unpublished) . The lectin content in the food used in the experiments would then be 0.0006% less than a diet containing frozen anthers.
The rather high mortality in the present study compared to others (Aupinel et al., 2005; Genersch et al., 2005; Peng et al., 1992 ) may have been due to physical damage when the larvae were moved between wells. However, the effect of the treatments should not be influenced by a somewhat increased control larval mortality. Possibly, the handling problem could have been avoided by following the technique developed by Aupinel et al. (2005) , where the larvae are not disturbed during their development.
Compared to adult honey bees, the larvae are in a nochoice situation. They have to feed on what is offered, whereas adults can avoid food of inferior quality. Larvae also need a more complex diet than the adults, and this could make them more sensitive to changes in food composition. Under natural conditions, larvae would not be fed pollen during the first days of their lives. But, as discussed in the introduction, they may still receive PSL through the royal jelly produced by the nursing bees. With a maximum of 4% pollen (fresh) containing 0.7% PSL (Lehrman et al., 2007) of total soluble protein, the actual amount of PSL in the food would, even if all pollen collected by the worker bees came from the transgenic plants, be quite low (0.0018%). Although the level of PSL in the diet was slightly lower than it would have been if fresh/frozen pollen was used, all larval stages were exposed to PSL in pollen, which would not have been the case under natural conditions.
In conclusion, dried transgenic pollen, expressing up to 1.2% PSL (of total soluble protein) showed no effect on bee larval survival, weight, or development time compared to non-transgenic pollen when mixed in the diet at 1.5% (w/w). The addition of pollen (transgenic and non-transgenic) to the diet increased larval weight and reduced developmental time. The results suggest that at the levels presented here, transgenic PSL poses no hazard to honey bee larvae.
MATERIALS AND METHODS
Plant materials
Three plant lines, two transgenic (designated T-17 and T-132) and one control (designated C-112), of oilseed rape (B. napus cv. Westar) were tested. All three lines originated from cotyledon cells transformed with the pea lectin gene under control of the anther specific promoter of the Sta-44-4 gene from B. napus (Hong et al., 1997; Melander et al., 2003) . The control line came from a selfed T 0 plant with offspring segregated for transgenicity in T 1 (and consequently did not express any pea lectin). The plants used in the experiments were 3rd generation doubled-haploid plants produced from microspores of T 3 -plants. The plant lines were selected to match each other in phenology and seed yield (Åhman et al., 2006) . The plants for pollen harvest were grown in 11 cm diameter pots containing Hammenhög's potting soil, additionally fertilized with Osmocote (Econova) and micronutrients Multifritt (Hammenhögs). The cultures were kept in cooled greenhouse chambers (20 ± 2
• C, natural light) and were treated against thrips and aphids with the biological control agents Thripex-plus (Amblyseius cucumeris (Oud.)) and Aphipar (Aphidius colemani (Vier.) Econova Predator AB).
Flowers were collected from several plants from each of the three plant lines during the summer of 2005. The flowers were dried for 48 h at 38
• C and stored at 13
• C and 45-50% humidity. The following spring, pollen was sieved from the flowers through metal mesh (0.34 × 0.34 mm). Additionally, three samples of fresh pollen were weighed, dried and weighed again in order to determine the water loss in the dried pollen.
Western analysis of PSL in dried pollen
Total protein was extracted from the dried pollen using T-PER Tissue Protein Extraction reagent (Pierce, Rockford, IL, USA) according to the protocol with the addition of 1% proteinase inhibitor (Roche diagnostics, Mannheim, Germany). The soluble protein was quantified with Bio-Rad Protein Assay (Bio-Rad Laboratories, A. Lehrman Hercules, CA, USA) using Bovine serum albumin (BSA) as standard. Proteins were separated on NuPAGE Bis-Tris gel (Invitrogen, Carlsbad, CA, USA) along with purified PSL (Sigma-Aldrich, Stockholm, Sweden) and blotted on a nitrocellulose membrane, incubated with rabbit primary antibody against PSL (described in Melander et al., 2003) , dilution 1:10 000, and secondary antibody, ECL TM Anti-rabbit IgG (GE Healthcare, Buckinghamshire, UK) (1:20 000). The bands were visualized using LAS-3000 2.0 (Fuji Photo Film Co. Ltd) program and the band strength was quantified using Quantity One Basic (BioRad) software program.
Honey bee larvae
Worker larvae were obtained from honey bee (A. mellifera) colonies kept at the Ultuna apiary close to Uppsala, Sweden. The larvae were reared in vitro in 24-well tissue culture plates, according to Peng et al. (1992) modified by Genersch et al. (2005) , in an incubator at 35
• C with a relative humidity of 96%. The larvae were collected up to 24 h after hatching from brood combs using a Chinese grafting tool (Graze Bienenzuchtgeräte, Germany) and transferred to the surface of the experimental food. The assays started (day 0) with 10 larvae/well containing approximately 300 µL food (one well per plate in feeding assay 1, and two wells per plate in assay 2). Due to larval growth, the number of larvae per well was then reduced to five, three, two and one at the second, third, and fourth day, respectively. From day five the amount of food was changed to 200 µL per well.
Feeding assay 1; pollen concentration
In order to determine how much dried pollen could be added to the food without severely affecting the survival of the larvae, four different levels of pollen from the nonlectin-expressing plant line C-112 (Tab. 2) were mixed in the basic food consisting of 66% (w/v) royal jelly (Stakich), 3% glucose and 3% fructose in sterile distilled water. In order to obtain the same viscosity in the different diets, additional water had to be added (see Tab. 2). A total of 150 honey bee larvae were tested (3 replicates of 10 on each diet -four with pollen and one without) as described above. New food was prepared at least every third day and stored at 8
• C. The food was heated to approximately 30
• C before being fed to the larvae. Surviving larvae were counted every day until day five when the test ended.
The number of survivors per replicate in the treatments was normally distributed. Thus, a one way ANOVA (general linear model) was performed for day five. The results indicated that the highest amount of pollen that left the larvae unaffected was somewhere between 1 and 2% (Fig. 2) . Thus, a level of 1.5% pollen in the larval food was chosen for the lectin experiments. Number of pollen grains in the food at the 1.5% level was counted using a 0.1 mm Bürker counting chamber.
Feeding assay 2; transgenic pollen
Four diets were compared: one with basic food only, and three with dried pollen from control plant line C-112, and the transgenic lines T-17 and T-132. The pollen was mixed with the basic food at a 1.5% pollen concentration. For a batch of 10 g pollen-containing food, 9.55 g of basic food was mixed with 300 µL of water and 150 mg dried pollen. A total of 400 larvae were tested (10 replicates of 10 on each diet). The assay was performed in the same way as described in Feeding assay 1, but in this test the larvae were fed until they became passive and started to excrete faeces, the LS-stage (Rembold et al., 1980) . At this stage the larvae were gently wiped with a paper towel, weighed and moved to a new well lined with paper towels. The paper was changed every day until excretion stopped. The plates were kept in a sealed plastic box containing a steel mesh leaving a 2.5 cm space down to the bottom, which was covered with approximately 1 cm of 0.2 M H 2 SO 4 in order to prevent fungal growth. Survival rate until the LS stage was monitored, and developmental time was calculated for the larval, LS and pupal stages. Normal distribution and homogeneity of variances for the number of surviving bees were checked by graphical inspection of residuals for each day of the larval, LS and pupal stage. To determine if there were differences between the diets a repeated measures analysis (procedure mixed, compound symmetry as covariance structure) was performed. Because it is difficult to determine if a larva is dead or alive when entering the LS-stage, the repeated measures ANOVA was only calculated for the first six days. Survivorship in the LS and pupal stage were compared in a one-way ANOVA (glm). Data for larval weights (when entering LS-stage)
